Array of Fabry-Perot waveguide resonators with tunable coupling 
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We demonstrate the elements of a coupled-resonator optical waveguide in a side-coupled Fabry-Perot 
configuration, and show that the coupling rate between adjacent waveguides can be widely tuned through the 
thermo-optic effect. The device is linearly scalable and can be combined with other integrated devices, with 
applications as an optical delay line or as a key element in a cavity-QED based quantum simulator. © 2013 
Optical Society of America 
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Coupled-resonator optical waveguides (CROWs) are 
of great topical interest in the telecom industry as tun- 
able delay lines. Today most of these devices consist of a 
chain of ring resonators based on silicon and other high- 
index waveguides [1], where the delay can be tuned by 
switching the rings out of resonance [2]. The couplings 
are not adjustable, being determined by the ring spac- 
ings, which therefore demand very careful engineering to 
achieve the desired spectral response of the filter. In this 
letter we propose and demonstrate a novel mechanism 
to tune the couplings in real time using a different type 
of CROW, based on side-coupled waveguide Fabry-Perot 
cavities. 

This architecture, initially suggested in [3], appeared 
independently in our work on coupled-cavity quantum 
electrodynamics [4] . There we considered a set of evanes- 
cently coupled cavities, each formed by a ~1 cm- long 
waveguide terminated by mirrors of reflectivity R^^ and 
Rcw coated on the end facets of the chip, as illustrated in 
Figure 1. The purpose of these was to act as a bus, inter- 
connecting an array of free-space microcavities, each 
formed between one end of a waveguide and a spheri- 
cal micro-mirror of reflectivity Re etched on silicon. The 
cavity-enhanced light-matter interaction (Purcell effect) 
in such a network has huge potential for quantum in- 
formation processing [4]. All the major degrees of free- 
dom are controllable: the atoms can be addressed with 
external lasers, the effective photon-photon interaction 
strength can be adjusted by detuning the microcavities, 
and the waveguide-waveguide coupling rate ^ww is tun- 
able with the help of phase shifters (marked HAl etc. in 
Fig. 1). This tuneable coupling is the focus of our Letter. 

Our waveguides, operating at at 780 nm, were fabri- 
cated by UV writing as described in [5] . In the following 
experiments we used two types of coupler: evanescent 
and crossed. In the evanescent coupler, two waveguides 
come close together (~6 /im) so that their modes overlap 
and can exchange energy. A 50:50 evanescent splitter re- 
quires a ~1 mm length of coupling. In the crossed-coupler 
one waveguide is written on top of the other at a shal- 
low angle, chosen to produce the desired coupling; 2.4° 



yields a 50:50 splitting [6]. These are more compact than 
the evanescent couplers and display less variation in the 
coupling ratio, but are slightly more lossy (~0.1dB). 

The mirrors are dielectric multilayers evaporated di- 
rectly on the polished end facets of the chip [8]. With 
a surface roughness of ~1 nm, reflectivities above 99.9% 
are readily achievable. However, the propagation loss for 
our waveguides is 0.9 ± 0.3dB/cm. In order to optimise 
the fringe visibility without compromising the finesse, we 
therefore choose mirror reflectivities of R^ = 92% and 
Rcw = 99%. These give a finesse of 14 ±2 for waveguides 
containing evanescent couplers, 12 ± 2 with crossed cou- 
plers, and 17 zt 2 for straight waveguides. 

Phase shifters are deposited by sputtering 400 nm- 
thick NiChrome wires on top of the waveguides. These 
are 50 /im wide and 1 mm long, with a typical resistance 
of 75 1^. Sputtered gold wires of similar dimensions link 
the NiCr wires to mm-wide gold pads which are con- 
nected to a power supply via spring-loaded gold pins 




Fig. 1. Sketch of the coupled-cavity QED structure 
discussed in [4] . Here we focus on the waveguide- 
resonator chip. ^ac5 ^cw and ^ww are the three basic 
coupling rates, respectively atom-photon (i.e. vacuum 
Rabi frequency) , microcavity- waveguide and waveguide- 
waveguide. Atoms can be manipulated with an external 
laser Qp] waveguide lengths and ^ww can be tuned with 
thermo-optic phase shifters (HAl etc, in blue). 




Detuning of waveguide A — > 

Fig. 2. Theoretical intensity and phase of the fields circu- 
lating in two coupled waveguides resonators as a function 
of their lengths (detunings) . The driving light is coupled 
into waveguide A. The plots cover ±A/4 on both axis, i.e. 
a full period and illustrate the symmetric/antisymmetric 
nature of the normal modes. The avoided crossing is 
clearly resolved. 

mounted on a printed circuit board. The wires provide 
phase shifts of 3 to Stt per watt of dissipated power, with 
a typical response time of 0.5 ms. Normal operating con- 
ditions require less than 0.5 W 

Consider an array of N identical waveguides with 
equal couplings hz [7]. Without mirrors, these support 
A^ normal modes, superpositions of the individual wave- 
guide modes that are invariant under propagation. Each 
of them, labelled s = 1, 2, ...A/", has a unique wavevector 
f3s given by 
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where c/n is the phase velocity of the guided mode of a 
single uncoupled waveguide. When waveguides of length 
L are closed by mirrors, the m^^ resonance of mode s 
satisfies the resonance condition ^gl -h {ujn/c){L — I) = 
rriTT^ where / is the length over which the waveguides are 
coupled. The cavity eigenfrequency that satisfies these 
two conditions simultaneously for transverse mode s and 
longitudinal mode m is 
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The first term is the resonant frequency of the uncoupled 
cavity. In the present case of A" = 2, the coupling shifts 
nl^ corresponding to a coupling 
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Effectively, space-like or travelling-wave coupling has 
been converted to a time-like or standing-wave cou- 



pling by the addition of the resonators. It is impor- 
tant that only the product n x / appears in Eq. (3); 
for A" = 2 it is related to the travelling-wave coupling 
ratio Cx = sin^(/^ x /), which can be easily measured be- 
fore depositing the mirrors without any knowledge of the 
coupler parameters. The "theoretical" ^^w of Eq. (3) can 
thus be compared to the experimental spectral splitting. 

Standard transfer matrix methods can be used to cal- 
culate the whole spectrum [3]. For the theoretical plots 
in Figs. 2 to 4 we wrote the fields as an A'-component 
vector, each component corresponding to the complex 
electric field amplitude of a different waveguide in the 
uncoupled region, and of a normal mode within the cou- 
pler. Together with basis changes and mirror refiections, 
this makes it possible to write a round trip matrix and 
to proceed with a summation of partially refiected wave, 
exactly as one would for a single FP resonator. 

In Fig. 2 we map the magnitude and phase of the intra- 
cavity field as a function of both waveguide lengths (de- 
tunings). The upper and lower branches correspond to 
the two peaks of the split resonance. These branches are 
identical, except for the microcavity phases, which are 
opposite in sign. Thus we understand the two resonances 
as the symmetric and antisymmetric normal modes of 
two coupled oscillators. When the two normal modes are 
initially excited with the same amplitude, by placing a 
photon in one waveguide, the time evolution of the sys- 
tem will be a periodic exchange of the excitation between 
the two cavities, with a frequency ^ww corresponding to 
half the normal mode splitting. 

The coupling rate ^ww in Eq. (3) can be tuned. It 
is proportional n^ which in turn is proportional to the 
overlap integral between the two coupled modes [7] . This 
depends on their relative phase ip as cos?/;. Thus the 
tuning of g^^ is as simple as lengthening one arm of 
the coupler and shortening the opposite arm to keep L 
constant, which shifts ?/; while preserving the resonance 
condition. This is easily done using thermo-optic phase 
shifters. 

Figure 3(a) shows the experimental refiection spec- 
trum of an evanescent coupler with a measured 
travelling- wave coupling ratio Cx = 18 ±2%. Laser light 
is injected into waveguide A with a butt-coupled optical 
fibre, and the reflected signal is collected through the 
same fibre. On the lowest trace, a single set of fringes 
is visible, corresponding to resonances of waveguide A. 
The length of the second waveguide B is slightly different 
from A due to fabrication imperfection, and is therefore 
not co-resonant: its resonances are barely perceptible on 
this trace. To bring A and B into resonance, we heat 
up heater HAl (see Fig. 1), thus increasing the length 
of waveguide A, so that resonance frequency A (dashed 
line) shifts to lower frequency. As this crosses resonance 
frequency B (dotted line; also shifting because of ther- 
mal cross-talk) it becomes strongly mixed. At V c^ A\ ^ 
the two peaks have the same amplitude; A and B have 
the same length. 

To show explicitly that this splitting corresponds to 
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Fig. 4. Tuning of the coupling rate ^ww Top: experiment; 
bottom: theory. The plots show the output spectra from 
waveguides A and B as a function of the phase shifts 
induced by heaters HBl and HB2. 



Fig. 3. (a) Evolution of the reflection spectrum from in- 
put arm A as its length increases. The spectra have been 
offset for clarity; V is the voltage applied to heater HAl. 
Dashed line indicates resonance of waveguide A and dot- 
ted line that of B. (h) Observation of avoided crossing 
around the red cross in top figure. Left: reflection at 
waveguide A. Right: output from waveguide B. Compare 
with the upper theoretical plots of Fig. 2. 



an avoided crossing, we adjust the laser frequency and 
heater voltages to put the system in the state marked by 
the red cross in Fig. 3(a). The two waveguides are then 
co-resonant. We then scan the temperatures of HAl and 
HBl in order to change the lengths of both waveguides 
around this setpoint while the laser frequency remains 
fixed. The heaters have been individually calibrated so 
that the relationship between voltage and phase shift is 
known. The measured reflection from waveguide A and 
the measured output from B are plotted in Fig. 3(b) 
as a function of the two heater phase shifts. The anti- 
crossing is well-resolved and closely resembles the theo- 
retical plots in Fig. 2. The tilt of the vertical resonance 
is caused, again, by thermal cross-talk as the slow scan 
of heater B changes the length of cavity A. The split- 
ting measured along the dashed line in Fig. 3(b) (left) is 
^ww = 0.65 ± 0.05 GHz. With Cx = 18 ± 2%, Eq. 3 gives 
^ww = 1.4 ± 0.1 GHz, but there is no reason to expect 
the maximum coupling, since we have yet to tune the 
relative phase of the standing waves. 

This we do now on a different device - an evanescent 
coupler having Cx = 30 ± 2%. Starting again from a co- 
resonant configuration, and pumping on waveguide A, 
we translate the standing wave in waveguide B by cool- 
ing down HBl while heating up HB2, in a balanced way 
to keep the overall waveguide length constant. The two 



waveguides remain co-resonant throughout. Experimen- 
tal data are shown on the left of Fig. 4, with simula- 
tions on the right. Initially there is almost no coupling 
(bottom of the graphs). The spectral splitting then in- 
creases to reaches a maximum of g^^ = 3.8 ± 0.1 GHz, 
measured along the dashed line, before decreasing again. 
The agreement with the theory, which gives g"^^ = 
3.9 ± 0.2 GHz, is very good. 

In conclusion, we have demonstrated a basic coupled- 
resonator optical waveguide in a side-coupled Fabry- 
Perot configuration, in which the coupling rate can be 
conveniently tuned over a large range. The device is lin- 
early scalable and can be straightforwardly interfaced 
with optical fibres or integrated into more complex wave- 
guide chips, with potential applications as an optical de- 
lay line or as a key element in a cavity- QED based quan- 
tum simulator. 
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